Objectives: To determine the effects of dietary, physiological or environmental factors on body iron levels in infants aged 4±18 months. Design: The daily iron intake of the infants was measured from a diet history obtained by interview using a standardised question sheet, previously validated against weighed intake (minimum 3 days) in an independent sample of 8 and 18 month old infants. Capillary blood samples were analyzed for haemoglobin, mean cell volume, haematocrit, zinc protoporphyrin and plasma ferritin concentration. Ferritin values were log-transformed prior to analysis to give a better approximation to the normal distribution and forward stepwise multiple linear regression was carried out using SPSS. Setting: The city of Norwich, UK and some of its suburbs. Subjects: One hundred and eighty-one healthy infants in age groups 4, 8, 12 and 18 months. Results: Main determinants of iron stores in the 4 month old infants were birth weight (ve (P`0.001)) and body weight (7ve (P`0.005)). In the 8 month old infants intake of cow's milk (7ve (P`0.05)), belonging to a smoking household (7ve (P`0.05)) and quantity of commercial babyfood consumed (ve (P`0.05)) were signi®cant. In this age group there was a gender effect (girls b boys (P`0.01)) and the gender effect remained at 12 months (girls b boys (P`0.05)), but at 18 months only non-haem iron intake was a signi®cant factor (7ve (P`0.05)). Conclusions: At 4 months of age birth weight and body weight exert the greatest in¯uence on iron stores, whereas by 8 months components of the weaning diet have an effect (commercial babyfood (ve), cow's milk (7ve)); there is also a gender effect (girls b boys), possibly re¯ecting the different growth rate between boys and girls. At 12 and 18 months the only signi®cant factors are gender (girls b boys) and non-haem iron intake (7ve) respectively. Sponsorship: Ministry of Agriculture, Fisheries and Food and the Biotechnology and Biological Sciences Research Council.
Introduction
Infants have a higher relative requirement for iron than adults, mainly due to their rapid growth, and after the age of 4±6 months are wholly dependent upon dietary iron to meet their physiological needs. An insuf®cient iron supply will result in the depletion of body iron stores and ®nally lead to iron de®ciency anaemia. Iron supplementation of infant formulas and weaning foods is one way of increasing the iron levels in the diet of growing infants, but without information on iron bioavailability, predictions about the effect of the added iron on body iron content are dif®cult to make. Ultimately, a better understanding of the components in the normal diet of growing infants that affect iron status is required to improve the iron nutrition of infants.
Many factors and interactions between them in¯uence levels of iron in the body. These fall into three main categories: dietary, host-related and environmental factors. With regard to diet, the amount and type of iron ingested and the presence of inhibitors and enhancers of iron absorption determine the amount of iron that is available for absorption. Amongst the physiological factors, birth weight has an effect on the size of iron stores, and the rate of growth can affect the depletion of those stores. Finally environmental factors such as socioeconomic background and birth order may indirectly affect neonatal iron endowment, the type of diet and the amount of food eaten.
Methods

Subjects
A number of apparently healthy full-term infants aged 4, 8, 12 and 18 months, living in or near to the city of Norwich were selected for recruitment to the study. The sample of infants recruited were not intended to be representative of the local population, but was selected such that there were approximately equal numbers in each age group examined for sex and socioeconomic group, in order to give balanced groups for statistical analysis.
The recruitment of subjects was carried out through health visitor contact and mailshot. The response rate for the mailshot varied from month to month, but it was generally between 10 and 15%. Each infant was visited in the home on one occasion by the researcher and a research nurse. An information sheet with details of family structure, birth weight, parental occupation and environmental factors was completed by the researcher with the mother or father. Ethical approval for the study was given by the Norwich District and Institute of Food Research Human Research Ethics Committees.
Assessment of dietary intake
The dietary intake of the infants was obtained from diet history data (Morgan et al, 1978) in which a standardised equation sheet was used by the interviewer (Table 1) . This ful®lled the criteria listed by Marr (1971) in that it was comprised of an assessment of the overall pattern of eating, coupled with 24 h recall. The interview was carried out by nutritionists with at least 2 y experience with the measurement of dietary intake. The diet history method was selected for this study as infants have a limited range of foods and it was a relatively easy and non-invasive procedure for the mothers. In order to validate the question sheet a diet history was obtained for the infants of an independent sample of 40 mothers (20 with 8 month infants and 20 with 18 month infants), followed a week later by a weighed intake diary. The mothers were asked to weigh all food and liquids, and record the data in the diary provided. This was carried out for a minimum of three days (including at least one weekend day). The resulting weighed intake data were compared statistically with the diet history data.
The intake data were coded for analysis, using the IFRN database, which is comprised mainly of nutrient data from The Composition of Foods' (Paul & Southgate, 1978) but supplemented with additional nutrient data (Wiles et al, 1980; Holland et al, 1988; Holland et al, 1989; Tan et al, 1985) . Manufacturers' data for commercially produced baby foods/drinks were also entered into the database for this study.
Assessment of iron status
A capillary blood sample was collected from a heelprick by a trained nurse, following the procedure described iǹ Measurement of iron status' (International Nutritional Anemia Consultative Group, 1985) . A small blood sample (approximately 250 ml) was collected in a 750 ml EDTA capillary action tube (Sarstedt, Leicester, UK) and transported to the laboratory for analysis. A subsample (40 ml) of whole blood was analysed for haemoglobin (Hb), haematocrit (Hct), mean cell volume (MCV) and white blood cell count using a CBC5 Coulter counter (Coulter Corporation, Hialeah, USA). Sample analysis was carried out on the same days as collection and the machine was standardised prior to each batch of samples with commercially supplied Coulter 4C control material. A further 25 ml of whole blood was analysed for zinc protoporphyrin (ZPP) using a hemato¯uorometer (Aviv Biomedical, Lakewood, USA). A range of blood controls provided by the manufacturer, giving low, medium, and high values, were run prior to analytical use. The remaining blood was centrifuged and the plasma removed and stored at 718 C. Plasma ferritin analysis was performed in the Kansas laboratory using an ELISA technique (Flowers et al, 1986) .
Statistical analysis
All categorical data was coded either 0 or 1 for regression analysis. Ferritin values were log-transformed prior to analysis to give a better approximation to the normal distribution. Student's t-tests were carried out using either Minitab or SPSS, and forward stepwise multiple linear regression was carried out using SPSS.
Results
A summary of the characteristics of the sample group of infants is given in Table 2 . Social class was determined by the occupation of the head of the household using thè Standard Occupational Classi®cation' (OPCS, 1991) . To obtain a viable number of infants in each group for statistical analysis, the six social classes normally used were divided equally, resulting in two groups, non-manual and manual professions (Gregory et al, 1995) .
The daily iron intake data and source of iron, categorised by food group, collected by questionnaire from 181 infants aged 4±18 months are given in Table 3 . There was no signi®cant difference in iron intake between the sexes at any of the ages investigated. The values for daily energy and iron intake estimated by weighed intake and 24 h recall in 8 month and 18 month old infants are given in Table 4 . There were no signi®cant differences in the estimated energy or iron values between the two methods in either the 8 or the 18 month old infants. The correlation coef®- cient (r) for iron intake was 0.93 at 8 months (P`0.001) and 0.66 at 18 months (P`0.005).
The haematological results for boys and girls at 4, 8, 12 and 18 months of age are given in Table 5 . There were no signi®cant differences between the sexes for any of the measurements in all four groups. There was a low prevalence of iron de®ciency (Hb`110 g/L, International Nutritional Anemia Consultative Group, 1985) in the infants studied. The mean haemoglobin concentration of the 4 month old infants was signi®cantly lower (P`0.05) than the 18 month old infants, otherwise there were no signi®cant differences for haemoglobin concentration. The 4 month old infants also differed signi®cantly from all other age groups (P`0.001) with respect to mean cell volume (higher) and ferritin (higher). The mean cell volume of the 8 month old infants was signi®cantly different (P`0.05) to that of the 18 month old infants. Zinc protoporphyrin was only found to be signi®cantly different in the 8 month old infants, with a mean value of 1.76 mmol/L compared with that of 1.56 mmol/L in the 4 month old infants (P`0.05) and 1.43 mmol/L and 1.42 mmol/L in the 12 and 18 month old infants respectively (P`0.001).
The factors used in the regression analysis are shown in Table 6 . There were no signi®cant differences in ferritin values between boys and girls, so the results were combined for the regression analysis. Of the original sample of 181 infants studied, 13 had white blood cell levels indicating the presence of infection and hence potentially elevated ferritin concentrations, thus these were excluded from the analysis. The multiple regression models for each of the four age groups are shown in Tables 7±10. In these stepwise regression models the criterion for inclusion was the 10% signi®cance level, apart from the 8 month old infants where the 5% signi®cance level is also given in Table 8 (see next paragraph for explanation).
At 4 months, birth weight (P`0.001) and body weight (P`0.005) had a positive effect. The ferritin concentrations in the 8 month old infants were affected by gender (P`0.01) in favor of the girls, the amount of babyfood consumed (ve) and the effect of belonging to a smoking household (7ve) (P`0.05). The only other factor showing a signi®cant effect on iron stores in this group was intake of cow's milk, which had a negative effect on plasma ferritin Factors affecting iron stores in infants 4 ±18 months of age SG Wharf et al concentrations (P`0.05), however as the amount of milk consumed correlated closely with gender, this effect was only shown at the 5% signi®cance level, a not uncommon ®nding in stepwise regression. Gender was the only signi®cant factor (P`0.05) at 12 months, with girls having higher iron stores than boys. At 18 months the only signi®cant effect on iron stores was that of non-haem iron intake, namely iron from all sources except for non-milk animal protein foods), which had a negative effect (P`0.05).
Discussion
There are limited data on the iron status of infants under the age of 18 months (Fairweather-Tait, 1996) , but results from small individual studies suggest that iron de®ciency is a very common problem amongst this age group, particularly in children from inner cities and ethnic minorities (Fairweather-Tait, 1992) . Even in the recently published MAFF- Figure 1 Mean iron intake in 4, 8, 12 and 18 month old boys and girls: sources of iron and % contribution to total daily intake.
commissioned survey (Gregory et al, 1995) the youngest infants studied were aged 18±30 months, and although the NHANES II study (Pilch & Senti, 1984) carried out in the USA included some 6±12 month infants, they numbered only 22, so the data were considered statistically unrepresentative of the population. The recently published report Weaning and the weaning diet' (Department of Health, 1994) highlighted a large number of areas requiring further investigation with respect to iron and the weaning diet.
Recommendations included the determination of levels of iron de®ciency in UK infants and young children, and further investigation of relationships between iron status and dietary intakes, especially iron-forti®ed formula and foods.
There was a signi®cant correlation between iron intake assessed from diet history and weighed intake. The agreement was better at 8 than 18 months, re¯ecting the fact that by 18 months a more varied diet has been introduced. It is generally accepted that weighed intakes and duplicate diet collections tend to underestimate habitual intake, whereas the 24 h recall overestimates habitual intake (Morgan et al, 1978) . Diet histories fall somewhere in between, and therefore give more representative estimates of nutrient intake, particularly for groups consuming a restricted variety of foods, as is the case with infants.
The iron intake data collected by diet history in the present study indicated that the majority of infants were receiving suf®cient iron in their diets to meet dietary recommendations (Department of Health, 1991) . In a survey of UK infants (Mills & Tyler, 1992 ) the mean daily iron intake of 6±9 month old boys (n 130) and girls (n 128) was 9.6 and 9.0 mg, which the authors attributed to a high intake of forti®ed infant formulas and commercial infant food. The iron intake of 9±12 month old boys (n 96) and girls (n 134) was 7.2 and 6.4 mg respectively. A larger survey of UK pre-school children (Gregory et al, 1995) reported mean daily iron intakes of 4.9 mg in 576 children aged 1.5±2.5 y. Iron intakes of the 4 and 8 month old infants in the present study were much lower than those found by Mills & Tyler (1992) , intakes of the 12 month old infants were in close agreement (6.8 mg in boys and 7.1 mg in girls), and intakes of the 18 month old children were higher than those found by Gregory et al (1995) .
The infants recruited for this study had adequate body iron levels and there was a low prevalence of iron de®-ciency. This ®nding cannot, however, be taken as representative of the local population as a whole, as the sampling of infants for this study was not randomised. In particular, the prevalence and duration of breastfeeding was high, which suggests an above average motivation and health awareness of the mothers. This would be expected considering the type of recruitment procedure that was employed. Because of the low prevalence of iron de®ciency anaemia plasma ferritin concentration was selected as the incidence of iron status to be used for the regression analysis to identify predictive factors for body iron content. Haemoglobin and mean cell volume are too insensitive, and transferrin saturation requires a larger blood sample than was available in the present study. Plasma ferritin re¯ects iron stores and a reduction in its level is the earliest sign of iron depletion in the body. Iron stores and thus ferritin levels are the last to rise, even when the iron depletion is reversed, but the main disadvantage of using plasma ferritin is that it can be falsely elevated in the presence of infection. The appropriate cut-off value that is indicative of iron de®ciency is still under discussion and it has been shown (Bergstrom et al, 1995) that the choice of value can greatly change the numbers of individuals categorised as iron de®cient. To overcome this problem individual values for plasma ferritin were used as opposed to high or low groups.
ZPP is also known to be elevated in the presence of infection and in¯ammatory disease, and also in lead poisoning. Although the infants examined were mainly urban dwellers, it is unlikely that the levels of lead in Norwich were high enough to produce such a marked elevation of values as observed in the present cohort of infants. It is also unlikely that the incidence of infection in this group of infants should have resulted in approximately 50% of the 4±8 month and 45% of the 18 month old infants to have levels of ZPP above the commonly-used cut-off values for iron de®ciency. Blood samples that were checked by measuring on a second machine gave similar results after correction for low blood control values. In a recent survey (unpublished), Leeds City Council Environmental Health Department measured ZPP in 6234 children aged 0.5±5 y old to examine levels of lead poisoning and iron de®ciency. They commented that a high number of the infants studied exceeded the recognised cut-off values for iron de®ciency (personal communication), and reported an inconsistency in results from samples measured on different machines, which casts doubt upon the robustness of this measure of iron status. The use of different units in reporting ZPP results also makes comparison across studies dif®cult.
By 4 months of age the iron stores endowed at birth are deleted and diet is the main supply of iron. At this age, physiological variables have a strong in¯uence on body iron stores, as demonstrated by the results of this study; at 4 months the two factors that had a signi®cant effect on plasma ferritin concentration were birth weight and body weight. Since the effect of birth weight on iron stores was strongly positive at four months (P`0.001), this suggests that higher birth weight babies have larger iron stores. This is consistent with the results of the work carried out by Widdowson and Spray (1951) who found a linear relationship between body weight at birth and total body iron. Conversely, the highly signi®cantly negative effect (P`0.005) of body weight at 4 months on plasma ferritin concentration suggests that heavier babies have lower iron stores, presumably due to their more rapid growth.
At 8 months it appears that physiological factors are no longer important and dietary factors play a role in determining body iron stores. The amount of commercial babyfood consumed (ve) and the amount of cow's milk ingested (7ve) in¯uence iron stores. Weaning foods are usually supplemented with iron and ascorbic acid, but levels of absorption from these have been shown to be relatively low (Fairweather-Tait et al, 1995) . The question of the suitability of cow's milk as a food/drink for infants has been vigorously debated (Zlotkin, 1993) due to its low iron content and an association with intestinal bleeding. The results of this study appear to support the recommendation for the avoidance of cow's milk at an early age (Department of Health, 1994) . The only socioeconomic factor that was signi®cant in this age group was smoking in the household. In the present study there was no signi®cant difference between birth weights of babies from nonsmoking and smoking households, thus we cannot explain this observation. The gender of the infant was a signi®cant factor at 8 months, but since there was a signi®cant association between gender and quantity of cow's milk consumed, with boys drinking more cow's milk than girls (correlation coef®cient r 70.394 (P`0.01)), this may partially explain the gender effect seen in these infants.
At 12 months, gender was the only factor that showed a signi®cant effect (P`0.05). Girls had higher plasma ferritin concentration than boys. This effect however disappeared by 18 months, where only non-haem iron intake had an effect on iron stores (P`0.05). Surprisingly, this effect was a negative one, possibly re¯ecting the low bioavailability of non-haem iron and the adverse effect of inhibitory factors associated with foods higher in non-haem iron.
Conclusions
Different categories of factors (dietary, physiological and environment) affected iron stores at ages 4, 8, 12 and 18 months. In the very young (4 months old) infants birth weight and body weight had greatest in¯uence. At 8 months dietary factors associated with the weaning diet (commercial babyfood and cow's milk intake) had the most signi®cant effect on iron stores, although the sex of the infant also appeared to play a part. The effect of gender continued to exert an in¯uence on iron stores at 12 months but by 18 months the diet of the infant, speci®cally its non-haem content, was the only signi®cant determinant of iron stores.
